INTRODUCTION
============

Studies have shown that 10--15% of all intracranial tumors are comprised of pituitary adenomas \[[@b16-jkns-2019-0205],[@b25-jkns-2019-0205]\]. The primary method of treatment for symptomatic patients is surgery. Transsphenoidal surgery is considered the first-choice therapy in all cases except for prolactinomas \[[@b18-jkns-2019-0205]\]. For complex, giant pituitary adenomas with extensive suprasellar extension, however, transcranial resection is the preferred surgery \[[@b12-jkns-2019-0205]\]. In other cases, magnetic resonance imaging (MRI) may show a small sella, or define most of the tumor volume as suprasellar, or predict hard, fibrous consistency difficult to resect safely via the transsphenoidal route. In these cases also the transcranial route may be the best surgical approach. In only about 5% of the cases, the transcranial approach is necessary \[[@b20-jkns-2019-0205]\]. Pituitary stalk (PS) preservation is important during surgery of pituitary adenomas in order to reduce the risk of post-operative diabetes insipidus (DI). The PS usually deviates away from the tumor in microadenomas. In the case of macroadenomas, it is found that the PS longitudinal axis might have the tendency to directly project towards the normal gland \[[@b10-jkns-2019-0205]\]. It is seen that the stalk and/or the anterior lobe may be encased by the tumor in large or giant pituitary multilobular adenomas \[[@b17-jkns-2019-0205]\]. As a result it is often difficult to visualize the PS because of the distortion of its geometry, or due to the fact that it gets displaced or incorporated in the tumor.

The PS contains the hpothalamic-hypophyseal portal system and hypothalamic-hypophyseal tract (HHT). The HHT projects through the PS to the posterior pituitary gland to control the release of vasopressin and oxytocin. Therefore identification of the HHT can assist in finding the PS position. The optimal method to quantitatively assess the white matter pathways is by the advanced MR technique of diffusion tensor imaging (DTI). It has been widely applied to the cranial nerves \[[@b7-jkns-2019-0205]\], the pyramidal tract \[[@b11-jkns-2019-0205]\] and the arcuate fasciculus \[[@b22-jkns-2019-0205]\].

In our study, with the help of DTI, we assessed the location of the HHT preoperatively in patients with pituitary adenomas in whom a transcranial surgical approach was planned. We then compared the position of the PS identified at surgery with the location of the HHT determined by DTI tractography.

MATERIALS AND METHODS
=====================

Patient selection
-----------------

Approval for this study was obtained from the Ethic Commitee of PLA General Hospital (S2014-096-01). Written informed consent was obtained from all patients. Nine patients with pituitary adenomas from February 1, 2016 to September 30, 2016, were recruited in this study. All patients received the transcranial surgery. The main demographic and clinical characteristics of the patients are listed in [Table 1](#t1-jkns-2019-0205){ref-type="table"}.

Data acquisition
----------------

Prior to the operations, using a 1.5 T MR system (Espree, Siemens Medical Solution, Erlangen, Germany), images were acquired in a diagnostic suite which was described in detail previously \[[@b9-jkns-2019-0205]\]. The protocol and parameters are listed below. T1-weighted 3D magnetization prepared rapid acquisition gradient echo (MPRAGE), sequence (repetition time \[TR\]/echo time \[TE\], 1650/3.02 ms; slice thickness, 1 mm; field of view, 250 mm; imaging time, 5 minutes and 18 seconds) were obtained. If the lesion enhanced with intravenous contrast, the 3D T1 MPRAGE sequence was repeated after the intravenous administration of 0.2 mL/kg body weight of gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany); T2-weighted sequence (TR/TE, 5500/93 ms; slice thickness, 3 mm; field of view, 230 mm; imaging time, 2 minutes and 8 seconds); T2-weighted fluid-attenuated inversion recovery sequence (T2 FLAIR, TR/TE, 9000/84 ms; slice thickness, 3 mm; field of view, 230 mm; imaging time, 4 minutes and 14 seconds). DTI echo planar (TR/TE, 9400/147 ms; slice thickness, 3 mm; field of view, 250 mm; 12 gradient directions; imaging time, 10 minutes and 22 seconds) was used for DTI-based tractography. During craniotomy the position of the PS was recorded by way of videotaping using the operating microscope.

Data processing
---------------

HHT delineation was carried out by the "fiber tracking" module of iPlan 3.0 software (BrainLab, Feldkirchen, Germany) after acquisition and rigid registration of various image sets. The tractography was carried out with multiple regions of interest (ROI) : the first ROI was positioned at the base of tumor, and the other was positioned between the hypothalamus and upper part of the tumor ([Fig. 1](#f1-jkns-2019-0205){ref-type="fig"}) \[[@b29-jkns-2019-0205]\]. The tracking parameters were as follows : fractional anisotropy (FA) threshold value 0.02; angle threshold 30°; and shortest fiber bundle length 5 mm. These parameters were utilized to track the fiber bundles across the 2 ROIs concurrently. Tracking of the fiber bundles appeared as mixed redundant fiber bundles and so the tracts were suitably trimmed as per the anatomical knowledge of the operator. The development of 3D anatomical imaging of tumors was as per the normal or enhanced sequences of T1-weighted images. The anatomical and tracking results were fused to determine the course of the HHT in the axial and coronal planes. Sometimes the colors of the tracts were too slight to identify, so the fiber contour was delineated in the "3D fiber objects" module. The properties of the tracts were acquired through the module "plan content", including the numbers of tracts, the minimum FA, maximum FA, average FA, minimum length, maximum length, and average length. Tumor contour was delineated as per the anatomical images in the "object creation" module. On selection of borders generation of a 3D object was automatically done by covering each structure with a contour. When the tumor contour and HHT contour were fused, the relationship between the tumor and the HHT was clearly detected.

Statistical analysis
--------------------

SPSS ver. 19.0 (SPSS Inc., Chicago, IL, USA) was used for statistical data analysis. The correlation was considered significant when the confidence level (two-tailed) was less than or equal to 0.05.

RESULTS
=======

The mean patient age was 43.56±9.26 years. The participants consisted of five males and four females whose main clinical symptoms were reduction of visual acuity, dizziness, headaches and DI. The disease course ranged from 10 days to 3 years (mean, 1.3 years) ([Table 1](#t1-jkns-2019-0205){ref-type="table"})

All nine patients were treated with a transcranial approach and in eight patients a total resection was achieved while one patient had a subtotal resection ([Table 1](#t1-jkns-2019-0205){ref-type="table"}). Preservation of the PS was achieved in six patients, partial preservation of was achieved in two patients, and thee PS was not detected in one patient. New postoperative DI developed in five patients. The PS location determined during the surgery was used as a basis to compare the HTT location found with DTI.

Data processing of the preoperative MRI data was done with iPlan 3.0 software (BrainLab) for the nine patients. A single experienced neurosurgeon carried out both the fiber tracking and 3D visualization of the HHT. For all the patients, successful tracking and reconstruction was done for the neural fasciculus courses that simultaneously passed through 2 ROIs. Comparison between the locations of the HHTs determined by DTI and the positions of the PSs identified at surgery were carried out in eight patients. The PS was not detected at surgery in one patient. In seven of eight patients (87.5%) the HHT visualized by DTI and the position of the PS determined at surgery were identical. Tabulation of the tract properties are seen in [Table 2](#t2-jkns-2019-0205){ref-type="table"}. The mean number of tracts was 2.67 ±3.82 (from 1 to 10), the mean FA (average FA) was 0.14±0.06 (from 0.07 to 0.22), and the mean length (average length) was 30.22±5.73 mm (from 18 mm to 37 mm).

We made statistical correlation analysis of four variables (tumor size, mean number of tracts, mean FA, and mean length). The correlation is not significant between four variables (*p*\>0.05).

Cases illustration
------------------

### Case 1

A 44-year-old female claimed to suffer from dizzy spells for duration of 10 days. An intrasellar and suprasellar lesion was observed in the MRI ([Fig. 2](#f2-jkns-2019-0205){ref-type="fig"}). Because the sella was small, and the patient's visual acuity was poor in the left eye, a left transsylvian fissure approach was performed. The tumor was removed totally, and the PS remained intact. Posterolateral displacement of the PS was noted to the left side. The tumor exhibited gross-total resection with an anatomically intact stalk as seen in the postoperative MRIs. Position of the HHT determined by DTI ([Fig. 2A](#f2-jkns-2019-0205){ref-type="fig"} and [B](#f2-jkns-2019-0205){ref-type="fig"}) was consistent with the location of the PS determined at surgery ([Fig. 2C](#f2-jkns-2019-0205){ref-type="fig"}).

### Case 2

A 36-year-old male presented with decreased visual acuity for 1 year after transsphenoidal resection of a pituitary adenoma 3 years previously. An intrasellar and suprasellar lesion was noted in the MRI ([Fig. 3](#f3-jkns-2019-0205){ref-type="fig"}). At the time of the first surgery the tumor was hard to resect, so only partial resection was achieved. The visual acuity was poor in the left eye when examination, therefore we used the left trans-sylvian fissure approach. The tumor was resected completely, and the PS was intact and pushed posterolaterally to the right side. From postoperative MRIs taken, it was found that there was grosstotal resection of the tumor and that the stalk was anatomically intact. The position of the HHT determined by DTI ([Fig. 3A](#f3-jkns-2019-0205){ref-type="fig"} and [B](#f3-jkns-2019-0205){ref-type="fig"}) was consistent with the position of the PS determined at surgery ([Fig. 3C](#f3-jkns-2019-0205){ref-type="fig"}).

### Case 3

A 53-year-old female presented with decreased visual acuity for 3 years and progressive deterioration in the right eye for half a year. From the MRI, the presence of intrasellar and suprasellar lesion with extension to anterior cranial base was noted ([Fig. 4](#f4-jkns-2019-0205){ref-type="fig"}). The patient underwent trans-anterior longitudinal fissure approach surgery. The tumor was removed completely, and the PS was intact. There was posterolateral displacement to the left side noted. Gross-total resection of the tumor as well as an anatomically intact stalk was noticed in postoperative MRIs. Position of the HHT determined by DTI ([Fig. 4A](#f4-jkns-2019-0205){ref-type="fig"} and [B](#f4-jkns-2019-0205){ref-type="fig"}) was consistent with the intraoperative observations of the position of the PS ([Fig. 4C](#f4-jkns-2019-0205){ref-type="fig"})

### Case 4

A 28-year-old female presented with decreased visual acuity for 4 years and blindness in the right eye for 1 month. From the MRI, an intrasellar and suprasellar lesion with extension to the third ventricle was identified ([Fig. 5](#f5-jkns-2019-0205){ref-type="fig"}). The patient underwent craniotomy via a right frontal temporal approach. During the surgery, the tumor tissue was hard to resect, and the anatomical relationships between the tumor and normal structures was not clear, so only a subtotal resection was accomplished. The PS could not be identified. Postoperative MRI demonstrated residual tumor. The position of HHTs was identical in the preoperative and postoperative images ([Fig. 5B](#f5-jkns-2019-0205){ref-type="fig"}).

DISCUSSION
==========

Surgery remains the most important treatment for PA, particularly for nonfunctional pituitary macroadenomas \[[@b1-jkns-2019-0205],[@b2-jkns-2019-0205]\]. Patients with injured PS present with more endocrine dysfunction postoperatively. It is important to detect and protect PS during surgery. Even partial preservation of the PS has a vital role in the secretion of antidiuretic hormone postoperatively

Damage to the PS during transcranial surgery of pituitary tumors usually leads of post-operative DI due to injury of the HHT, or HHP. Pre-operative identification of the position of the PS might reduce the incidence of injury to the tract and thus reduce the incidence of DI.

Ammirati et al. \[[@b3-jkns-2019-0205]\] conducted a meta-analysis study which indicated that out of the patients who underwent pituitary surgery, 11.6% suffered from postoperative hypopituitarism and permanent DI was recorded in 4.3%. The median eminence of the hypothalamus is connected to the pituitary gland by the funnel-like PS. Numerous MRI studies with regards to the normal PS are available. Simmons et al. \[[@b26-jkns-2019-0205]\] showed that the signal intensity of the PS on unenhanced T1-weighted images was less than that of the signal intensity of the neurohypophysis and the optic chiasm. After the injection of contrast material, the PS was enhanced. For normal subjects of all ages, Araki et al. \[[@b4-jkns-2019-0205]\] described high signal intensity of the PS on FLAIR MR images. Out of 29 patients, it was found that for 20 (69%), the T2 MR images of the PS showed central hyperintensity with a peripheral rim of iso-intensity. A homogeneous iso-intensity was seen for the remaining nine patients \[[@b24-jkns-2019-0205]\].

Visualization of the HHT is problematic with normal MRI techniques. Among many MRI techniques, DTI can quantitatively make assessments of white matter integrity. DTI has wide application in the assessment of the white matter tracts \[[@b11-jkns-2019-0205],[@b23-jkns-2019-0205]\], cranial nerve \[[@b7-jkns-2019-0205]\] and some brain diseases \[[@b19-jkns-2019-0205],[@b32-jkns-2019-0205]\]. FA is one of most important DTI parameters, and FA value is a ref lection of the alignment degree of cellular structures and their structural integrity \[[@b6-jkns-2019-0205]\]. However, few reports about the DTI method on the HHT are presented so far. This report represents the first attempt to use DTI fiber tracking to identify and locate the HHT.

In our study, we successfully identified the HHT in all patients with DTI fiber tracking. Comparison between the HHT visualization by DTI and the intraoperative location of PS was made in eight patients. The PS was not detected in one patient. There was consistency between the HHT visualization by DTI and the intraoperative location of PS in seven of eight patients (87.5%). The possible reasons why the DTI and PS positions did not correlate in one patient were complicated. It was low FA threshold value, which led to incorrect track of some non--fiber bundle structures and the deviation in visualizing the course of the fiber bundles. For future studies, it is to obtain the better results by choosing precise ROIs and with adjustment of the FA threshold value \[[@b21-jkns-2019-0205]\]. The main drawback of the DTI tractography is the inadequate spatial resolution and the poor signal-to-noise ratio (SNR) \[[@b23-jkns-2019-0205]\]. The application of large voxel sizes led to more partial volume averaging and contamination from adjacent fiber bundles. Low SNR led to overestimating of anisotropy and more inaccuracies in eigenvector estimation, which increases erroneous white matter connections and false positive results \[[@b14-jkns-2019-0205]\]. For further studies, the use of higher spatial resolution might decrease the obstacles from crossing fibers and susceptibility artifacts \[[@b15-jkns-2019-0205]\].

Optimal surgical outcomes for pituitary adenomas provide maximal tumor resection and good preservation of PS. During surgery, a variety of methods may be used to identify the PS. The first is to confirm the PS by visualizing the structure going via the diaphragm sellae and connecting the hypothalamus and pituitary gland. Secondly, is to locate the PS by identifying the longitudinal stria medullaris structures on the surface of that structure \[[@b30-jkns-2019-0205]\]. Thirdly, is to locate the PS by reference to the location of the anterior commissure \[[@b28-jkns-2019-0205]\]. However, in large or giant pituitary adenomas the tumor can encase or invade the stalk, as observed in case 4. Under these conditions, it is difficult to protect the PS. It may be helpful for surgeons for better identification and preservation of the PS by acquiring information about the location of HHT by way of the DTI fiber tracking technique. In this study, the HHT tract location was consistent with the original PS location in seven of eight cases (87.5%). For further studies, implementation of higher spatial resolution MRI techniques might improve the results.

In this study, we also revealed the ability to evaluate the tract numbers, FA values and length. In nine cases, the results indicated properties of the tracts. It was seen that the tract number was comparably low with, only one tract seen in six patients, three in one patients, five in one patient, 10 in one patient. No correlation between the size of tumor and number of tract was found. No correlation between the size of tumor and mean FA and mean length was found. The reasons were complicated. The HHT may be damaged by the tumor, so fiber tracking could be compromised in the fiber-tracking algorithm. The interference of cerebrospinal fluid would influence the resolution of the DTI signals, which would cause a significant reduction of the number of tracts. The mean FA observed in our study was 0.14±0.06 which was less that other cranial nerves \[[@b8-jkns-2019-0205]\] and white matter tracts \[[@b5-jkns-2019-0205],[@b31-jkns-2019-0205]\]. The reasons might be that the HHT was unmyelinated fiber \[[@b13-jkns-2019-0205],[@b27-jkns-2019-0205]\], and the compression of tumor might result in decreased FA value \[[@b31-jkns-2019-0205]\]. The mean length of tract was 30.22±5.73 mm, longer than the normal length of normal PS \[[@b24-jkns-2019-0205]\]. The results were reasonable, because in normal state, the HHT produced from paraventricular and the supraoptic nuclei in hypothalamus went through the PS to the posterior lobe, the length was longer than the PS. Moreover, stretching of HTT due to the tumor was noticed in pathological conditions.

There are some limitations in this study. The number of patients used in this study is not enough to arrive at a more comprehensive quantitative evaluation of the effects of tumor features. Therefore, more cases include different pathologies around the sellare will be needed to demonstrate the association between DTI tractography and characteristics of tumors.

CONCLUSION
==========

Our study demonstrated that HHT can be successfully identified by DTI fiber tracking techniques and that there is a strong correlation between the HHT location and the PS location identified at the time of surgical resection of pituitary adenomas. Further study is required to determine whether preoperative identification of the HHT by DTI can reduce the incidence of DI due to injury to the PS at the time of surgical treatment of pituitary adenomas.
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![HHT visualization in a patient with pituitary adenoma. A : The contour of the head with 2 ROIs and HHT. B : The yellow contour of the adenoma in the axial plane. C : Two yellow planes show 2 ROI masks. D : HHT after proper pruning \[[@b29-jkns-2019-0205]\]. HHT : hypothalamic-hypophyseal tract, ROI : regions of interest.](jkns-2019-0205f1){#f1-jkns-2019-0205}

![HHT visualization in case 1. A : Red contour of the HHT and yellow contour of the adenoma. B : The green translucent part shows a 3D anatomical model of the tumor, and the red part shows the contour of the tracts. C : Intraoperative view of pituitary stalk using the operating microscope. Position of the tracts was consistent with the intraoperative view of the pituitary stalk. PS : pituitary stalk, LON : left optic nerve, ACP : anterior clinoid process, ICA : internal carotid artery, HHT : hypothalamic-hypophyseal tract.](jkns-2019-0205f2){#f2-jkns-2019-0205}

![HHT visualization in case 2. A : Red contour of the HHT and yellow contour of the pituitary adenoma. B : The green translucent part is a 3D anatomical model of the tumor, and the red part shows the contour of tracts. C : Visualization of the pituitary stalk at the time of surgery. Position of the tracts was consistent with the intraoperative observations of the position of the pituitary stalk. ON : optic nerve, ICA : internal carotid artery, PS : pituitary stalk, HHT : hypothalamic-hypophyseal tract.](jkns-2019-0205f3){#f3-jkns-2019-0205}

![HHT visualization in case 3. A : Red contour of the HHT and yellow contour of the adenoma. B : The green translucent part shows a 3D anatomical model of the tumor, and the red part shows the contour of the tracts. C : Intra-operative location of the pituitary stalk. Position of the tracts was consistent with intraoperative observations of the location of the pituitary stalk. TS : tuberculum sellae, PS : pituitary stalk, HHT : hypothalamichypophyseal tract.](jkns-2019-0205f4){#f4-jkns-2019-0205}

![HHT visualization in case 4. A : The yellow translucent part shows a 3D anatomical model of the tumor, and the red part shows the contour of tracts. The tracts were encased by the tumor. B : Postoperative MRI demonstrated residual tumor. The red part shows the contour of tracts. The tracts were encased by the residual tumor. HHT : hypothalamichypophyseal tract, MRI : magnetic resonance imaging.](jkns-2019-0205f5){#f5-jkns-2019-0205}

###### 

Main demographic and clinical characteristics of the nine patients

  Patient   Age (years)   Gender   Size (mm)   PS    GTR   DI
  --------- ------------- -------- ----------- ----- ----- -----
  1         44            F        27          Yes   Yes   No
  2         36            M        31          Yes   Yes   No
  3         53            M        47          Yes   Yes   Yes
  4         28            M        53          No    No    No
  5         47            F        64          Yes   Yes   Yes
  6         51            M        45          Yes   Yes   Yes
  7         56            M        42          Yes   Yes   Yes
  8         35            F        40          Yes   Yes   No
  9         42            F        52          Yes   Yes   Yes

PS : pituitary stalk in operation, GTR : gross total resection, DI : new diabetes insipidus, F : female, M : male

###### 

Properties of tracts with DTI source in patients with pituitary adenoma

  Patient   No. of tracts   Min. FA   Max. FA   Aver. FA   Min. length (mm)   Max. length (mm)   Aver. length (mm)
  --------- --------------- --------- --------- ---------- ------------------ ------------------ -------------------
  1         1               0.07      0.52      0.22       28                 28                 28
  2         1               0.02      0.66      0.18       31                 31                 31
  3         1               0.04      0.09      0.07       18                 18                 18
  4         5               0.03      0.17      0.10       29                 31                 30
  5         1               0.06      0.18      0.11       35                 35                 35
  6         3               0.03      0.40      0.08       35                 39                 37
  7         1               0.02      0.39      0.13       26                 26                 26
  8         10              0.08      0.45      0.21       31                 38                 34
  9         1               0.03      0.56      0.17       33                 33                 33

DTI : diffusion tensor imaging, Min. : minimum, FA : fractional anisotropy, Max. : maximum, Aver. : average

[^1]: The two authors contributed equally to this work.
